Rationale Drugs that interfere with cannabinoid CB1 transmission suppress food-motivated behaviors and may be useful as appetite suppressants, but there is uncertainty about the locus of action for the feeding-suppression effects of these drugs. Objective The present work was conducted to determine if two drugs that interfere with cannabinoid receptor transmission, AM251 and AM4113, have effects on foodreinforced behavior after administration into the lateral ventricle (intracerebroventricular (ICV)). Results Although systemic administration of both drugs can suppress food-reinforced behavior, neither AM251 (40, 80, and 160μg) nor AM4113 (60, 120, and 240μg) administered at various times prior to testing produced any suppression of food-reinforced operant responding on a fixed-ratio 5 schedule. Because the modulation of locomotion by drugs that act on CB1 receptors is hypothesized to be a forebrain effect, these drugs also were assessed for their ability to reverse the locomotor suppression produced by the CB1 agonist AM411. ICV administration of either AM251 or AM4113 reversed the locomotor suppression induced by the CB1 agonist AM411 in the same dose range that failed to produce any effects on feeding. Conclusions This indicates that both AM4113 and AM251, when administered ICV, can interact with forebrain CB1 receptors and are efficacious on forebrain-mediated functions unrelated to feeding. These results suggest that CB1 neutral antagonists or inverse agonists may not be affecting foodreinforced behavior via interactions with forebrain CB1 receptors located in nucleus accumbens or hypothalamus and that lower brainstem or peripheral receptors may be involved.
AM4113, AM6527, and O-2050, which have little intrinsic biological activity in vitro in comparison with CB1 inverse agonists such as AM251 and SR141716 (rimonabant), have also attenuated feeding in deprived (Sink et al. 2008 and nondeprived animals (Chambers et al. 2007; Gardner and Mallet 2006) .
While it now seems clear that these CB1 antagonists and inverse agonists decrease food intake and food-reinforced behavior, there is still controversy as to the primary locus of action for these effects. CB1 agonists injected directly into hypothalamic nuclei related to feeding or into nucleus accumbens, a region involved with various aspects of motivated behavior, have been shown to induce hyperphagia (Jamshidi and Taylor 2001; Williams and Kirkham 1999; Verty and Mallet 2005; Soria-Gomez et al. 2007) , effects that were blocked by CB1 inverse agonists. However, none of these studies was able to demonstrate an effect of a CB1 inverse agonist alone on feeding. Although a few papers have shown forebrain injections of CB1 inverse agonists to have anorectic properties (Werner and Koch 2003; Verty et al. 2004a, b) , it has also been argued that feeding-related actions of CB1 inverse agonists may not depend substantially on forebrain sites. Gomez et al. (2002) observed decreases in food intake after systemic, but not intraventricular, administration of SR141716. Furthermore, capsaicininduced deafferentation of peripheral vagal nerves innervating the gut abolished the changes in feeding elicited by systemic administration of a CB1 agonist and the inverse agonist SR141716 (Gomez et al. 2002) , suggesting that CB1 receptor ligands may modulate feeding via sites located on these peripheral sensory nerve terminals.
The present set of studies was designed to determine if the suppression of food-reinforced behavior could be produced by administration of CB1 antagonist/inverse agonist drugs into the lateral ventricles. To this end, we assessed the effect of intracerebroventricular (ICV) administration of the CB1 inverse agonist AM251 and the CB1 antagonist AM4113 on fixed-ratio 5 (FR5) operant responding, a food-reinforced task previously used to characterize the actions of systemically administered CB1 inverse agonists such as AM251, SR141716, and AM1387 (McLaughlin et al. 2003 (McLaughlin et al. , 2006 and the CB1 antagonists AM4113 and AM6527 (Sink et al. 2008 . A control experiment also investigated the effects of ICV administration of AM251 on FR5 operant responding and 18-h chow consumption in nondeprived animals. In order to validate the forebrain efficacy of the ICV drug injections, parallel experiments studied the ability of AM251 and AM4113 to reverse the locomotor suppression induced by the CB1 agonist AM411. CB1 agonist-induced locomotor suppression has been shown to be mediated via CB1 receptors in the basal ganglia and related motor regions of the brain (Sanudo-Pena et al. 1999; Sanudo-Pena and Walker 1998) . It was hypothesized that ICV administration of AM251 and AM4113 would attenuate the locomotor suppression induced by the CB1 agonist AM411, which would demonstrate that AM251 and AM4113 could exert behavioral actions after ICV administration in the dose range used. Furthermore, it was hypothesized that AM251 and AM4113 should suppress food-reinforced FR5 responding in the same dose range that had locomotor effects if they are both active on forebrain mechanisms related to food motivation, while a lack of effect would indicate a lack of forebrain efficacy for the suppression of food-reinforced behavior.
Materials and methods

Animals
Adult male Sprague-Dawley rats (Harlan SpragueDawley, Indianapolis, IN, USA; starting weights 300-325 g) were housed in a colony maintained at 23°C, with a 12-h light/dark cycle (lights on 07:00). With the exception of post-surgical animals, which were singly housed, all rats were caged in pairs. Rats subject to operant testing were food deprived to 85% of their freefeeding body weight for initial operant training and then allowed modest weight growth (i.e., an additional 5-10%) during the experiment. Water was available ad libitum in the home cages. Animal protocols were approved by the University of Connecticut Institutional Animal Care and Use Committee, and the studies were conducted according to National Institutes of Health (NIH) guidelines.
Drugs
For IP administration, AM411 (synthesized in the Makriyannis laboratory at the Center for Drug Discovery, Northeastern University) was dissolved in a vehicle of dimethylsulfoxide (DMSO; Fisher, Waltham, MA, USA), Tween-80 (Fisher), and 0.9% saline in a 1:1:8 ratio. This mixture also served as the vehicle control for the IP drug treatments. For ICV administration, AM251 and AM4113 (synthesized at the Center for Drug Discovery, Northeastern University) were dissolved in 100% DMSO, which also served as control for ICV treatments. Doses and pretreatment times for AM411, AM251, and AM4113 were chosen based upon pilot studies and previously published research (McLaughlin et al. 2003 (McLaughlin et al. , 2005 Sink et al. 2008 ).
Surgery
Rats were anesthetized at 1.0 mL/kg, i.p. with a solution containing 93.0 mg/mL ketamine and 1.4 mg/mL xylazine (both from Phoenix Scientific, Inc., St. Joseph, MO, USA). For ICV implantations, rats received unilateral implantations of guide cannulae made with 25-gauge extra-thin-wall stainless steel tubing (Small parts, Inc., Miami Lakes, FL, USA). Guide cannulae were inserted into the lateral ventricle (AP, −0.5 mm from bregma; ML, ±1.0 mm from midline; DV, −3.0 mm from the skull surface; incisor bar set 0.0 mm above the interaural line). The guide cannulae were secured to the skull with stainless steel screws and cranioplastic cement. Stainless steel stylets were inserted into the guide cannulae to maintain patency of the cannulae until injection. All animals were housed in separate cages following surgery and allowed at least 7 days of recovery.
Operant testing
Lever pressing sessions were conducted in Med Associates operant boxes (28×23×23 cm; Med Associates, St. Albans, VT, USA). Rats were first trained in 30-min sessions on a continuous reinforcement schedule in which every lever press was reinforced with a 45-mg food pellet (Bioserv, Frenchtown, NJ, USA) for 5 days. Following this initial training period, rats were then switched to an FR5 schedule in which every fifth lever press was reinforced. Rats were trained until stable baseline levels had been achieved (i.e., consistent responding over a 4-day period >1,200 responses per 30 min) prior to surgery. Following a post-surgical recovery period of 1 week, rats resumed training until stable baseline was re-established (approximately 2 weeks) before beginning testing.
Locomotor activity
For assessment of locomotion, rats were placed in small activity chambers (28×28×28 cm) inside soundproof shells. The floor of each chamber consists of two wire mesh panels (27×13 cm) connected through the center by a metal rod, which serves as a fulcrum for the floor panels. Locomotion by rats produces a slight deflection of one or more floor panels, which closes one or more of four microswitches mounted on the exterior of the chamber. Microswitch closure sends a signal to an external computer running a custom program by means of an interface card (Med Associates, St. Albans, VT, USA). Each microswitch closure was processed as a single activity count.
Histology
Following behavioral testing, each animal was anesthetized with CO 2 and perfused intracardially with physiological saline followed by 3.7% formalin solution. The brains were stored in formalin and then cryoprotected in a 30% sucrose solution for 3 days before being cut with a cryostat in 50-μm slices and mounted on glass microscope slides. Mounted tissue was stained with cresyl violet and examined by an observer blind to the experimental condition. Any animal with improper cannula placement or significant damage around the injection site was excluded from the behavioral analyses.
Experimental procedures
Experiments 1-4: effects of lateral ventricle administration of CB1 inverse agonist/antagonists on food-reinforced behavior (FR5 operant responding) in food-deprived rats Rats were thoroughly trained on the FR5 operant schedule (see above) before drug testing began, and different groups of rats were used for each experiment. All experiments used a within-subjects design, with all rats receiving all drug treatments in their particular experiment in a randomly varied order (one treatment per week; no treatment sequences were repeated across different animals in the same experiment). Baseline training (i.e., nondrug) sessions were conducted four additional days per week. The following treatments and testing times were used for each experiment: Experiment 5: effects of lateral ventricle administration of AM251on food-reinforced behavior (FR5 operant responding) and 18-h chow intake in nondeprived rats
Prior to surgery, rats (n=7) were trained under food deprivation until consistently high levels of lever pressing (1,500 or more per 30-min session) were achieved on a FR5 operant schedule. Following 7 days of post-surgical recovery, the rats resumed FR5 operant sessions, which were always conducted between 3 and 5P.M. They were also given access to a preweighed amount of chow (about 30 g) in their home cages. Each morning, between 9 and 10A.M., the cage was carefully inspected for any remaining chow, which was then removed, weighed, and replaced with another 30 g of preweighed chow. Animals were trained on FR5 and given free access to weighed chow 6 days each week. In order to maintain operant responding levels, rats were food-deprived on the day of the week that they received no operant training. Testing began 1 week after post-surgical operant training resumed. Each test day, chow in the home cages was weighed between 9 and 10A.M., replaced with 30 g of fresh chow, and weighed again during the operant test session. Rats were injected ICV with vehicle, 40, 80, or 160μg AM251 either 10 or 30 min prior to the start of the operant test session. Every rat received each dose in a randomly varied order (one treatment per week; no treatment sequences were repeated across different animals in the same experiment). Home cage chow was weighed the morning after injection, and the difference between the chow weight recorded during the operant session and that recorded the following morning was considered as the animal's 18-h chow consumption.
Experiments 6-9: reversal of the effect of systemic administration of the CB1 agonist AM411 on locomotion by lateral ventricle administration of AM4113 or AM251
Animals were placed into the locomotion assessment chambers (see description above) for 30-min sessions. The chambers were novel to the subjects at the time of testing to ensure a high baseline of locomotor counts. Rats (n=6-8 per group) received either 1.0 mL/kg vehicle or 5.0 mg/kg AM411 IP 30 min before testing plus AM251(40, 80, or 160μg), AM4113 (60, 120, or 240μg), or vehicle administered ICV either 10 or 30 min prior to testing.
Statistical analysis
Number of lever presses from experiments 1 and 2 were analyzed using analysis of variance (ANOVA) with repeated measures on the dose variable (four levels). Experiments 3 and 4 were analyzed in a 2 (dose)×3 (pretreatment time) ANOVA with repeated measures on both pretreatment time and dose. Experiment 5 was analyzed using repeated measures multivariate analysis of variance with operant responses and18-h chow intake as dependent variables. Locomotor counts from experiments 7 and 8 were subjected to a two-factor ANOVA with four levels on the dose factor and two levels on the pretreatment time factor. Whenever the overall ANOVA term was significant, non-orthogonal planned comparisons using the overall error term were used to compare each treatment with control conditions. The alpha level for each comparison was kept at 0.05 because the number of comparisons was restricted to the number of treatments minus one (Keppel 1982) .
Results
Experiments 1-4: effects of lateral ventricle administration of CB1 inverse agonist/antagonists on food-reinforced behavior (FR5 operant responding) in food-deprived rats
The results of experiments 1 and 2 are shown in Fig. 1 . Neither AM251 nor AM4113 administered ICV produced any significant effect on FR5 operant responding for food in experiments manipulating ICV dosage [ Fig. 1 ; AM251: F(3,45)=0.783, n.s.; AM4113: F(3,30)=2.693, n.s.]. Similarly, the results from experiments 3 and 4 (shown in Fig. 2 ) demonstrate that varying the amount of elapsed time between injection and testing did not significantly alter the lack of effect of AM251 and AM4113 on lever Experiment 5: effects of lateral ventricle administration of AM251 on food-reinforced behavior (FR5 operant responding) and 18-h chow intake in nondeprived rats
In experiment 5, AM251 did not produce any significant effect on lever pressing or 18-h chow intake of nondeprived animals when injected ICV either 10 or 30 min prior to testing. Therefore, data from both groups were pooled for analysis. The pooled data are shown in Fig. 3 ((a) lever presses: F(3,18)=0.858, n.s.; (b) chow consumption: F (3,18)=0.565, n.s.).
Experiments 6-9: reversal of the effect of systemic administration of the CB1 agonist AM411 on locomotion by lateral ventricle administration of CB1 antagonist AM4113 or inverse agonist AM251
Results from experiments 7 and 8 are summarized in Figs. 4 and 5. In both of these experiments, the overall ANOVAs were significant, and planned comparisons revealed that AM411 produced a significant suppression of locomotor activity. Both AM4113 and AM251 given ICV either 10 or 30 min prior to testing produced a significant increase in locomotor activity in animals coadministered AM411 [AM251 10-min pretreatment: F (4,32) =4.406, p= 0.006; AM251 30-min pretreatment: F(4, 30)=8.316, p<0.001; AM4113 10-min pretreatment: Effects of cannabinoid CB1 receptor inverse agonist AM251 on FR5 responding for food pellets in nondeprived animals and chow intake during the 18 h following the operant session. a Mean (±SEM) number of lever presses. b Mean (±SEM) 18-h chow intake. There were no significant differences in lever pressing for food or 18-h chow intake at any of the doses tested F(4,34)=9.184, p<0.001; AM4113 30-min pretreatment: F(4,30) = 22.305, p < 0.001]. For both drugs, planned comparisons showed that all doses in the 30-min pretreatment groups and all doses except the lowest dose for each drug treatment in the 10-min pretreatment groups attenuated the AM411-induced locomotor suppression.
Discussion
The studies described above were conducted to determine if the effects of AM251 and AM4113 on food-reinforced behavior are due to actions on the forebrain. Thus, the effects of administration of AM251and AM4113 into the lateral ventricles were examined by employing a FR5 schedule with food reinforcement. This task has previously been used to characterize the effects of systemic administration of drugs that interfere with CB1 receptor transmission, including rimonabant, AM251, AM1387, and, more recently, AM4113 (Chambers et al. 2007; McLaughlin et al. 2003 McLaughlin et al. , 2006 Sink et al. 2008 Sink et al. , 2009 Salamone et al. 2007) .
In those previous studies, AM251, AM1387, rimonabant, and AM4113 given intraperitoneally all potently reduced food-reinforced lever pressing (Chambers et al. 2007; McLaughlin et al. 2003 McLaughlin et al. , 2006 Sink et al. 2008) . These previous results are in agreement with an extensive literature illustrating CB1 inverse agonist or antagonistinduced suppression of food intake or appetitive behaviors related to food motivation (for review, see Salamone et al. 2007) . In the present studies, however, neither AM251 nor AM4113 produced any change in operant responding for food pellets when injected into the lateral ventricles, even at doses up to nearly one tenth of the systemic doses that decrease feeding and food-reinforced behaviors. A control experiment in nondeprived animals similarly yielded no indication of an effect on lever pressing for food pellets or subsequent 18-h chow intake. However, lateral ventricle administration of AM4113 or AM251 significantly attenuated CB1 agonist-induced locomotor suppression, which is thought to involve CB1 receptors located within motor circuitry in the forebrain and midbrain, including basal ganglia structures such as nucleus accumbens and neostriatum, as well as pallidal and nigral areas (Sanudo-Pena et al. 1999; Sanudo-Pena and Walker 1998) . Thus, the present results from studies involving locomotor activity indicate that AM4113 and AM251 are capable of exerting some central actions (i.e., effects on locomotion) after administration into the lateral ventricle. Taken together, this pattern of results suggests that CB1 antagonists and inverse agonists may reduce food-motivated behavior primarily by actions on areas outside the forebrain. In view of reports showing potency differences between the effects of drugs injected into the lateral or third ventricles vs. the fourth ventricle (Fan et al. 2004; Blevins et al. 2004 ), the present studies cannot conclusively rule out a possible locus of action for CB1 antagonists in a lower brainstem area such as the parabrachial nucleus (DiPatrizio and Simansky 2008). Moreover, the present results are consistent with the suggestion of Gomez et al. (2002) that peripheral sites, particularly those located on vagus nerve terminals, also may be important. Gomez et al. (2002) reported that systemic administration of SR 141716A (rimonabant) suppressed feeding, but ICV administration of rimonabant at doses up to 10.0μg had no effect. Furthermore, capsaicin-induced deafferentation of the vagal nerve terminals innervating the gastrointestinal tract abolished the feeding-related effects of the systemically administered CB1 ligands. The present experiments extend the scope of the Gomez et al. (2002) paper by demonstrating that AM251 (up to 160.0μg) and AM4113 (up to 240.0μg) produced little effect on food-motivated behaviors when administered directly into the brain. They also strengthen the validity of the previous studies by providing a control experiment demonstrating the efficacy of the ICV drug injection methods on behaviors thought to be mediated via centrally located CB1 receptors (i.e., locomotor activity). Significant CB1 receptor expression is observed at several peripheral sites, including the cell bodies of vagal nerve afferents in the nodose ganglion, which has projections to the gastrointestinal tract (Partosoedarso et al. 2003) . This peripheral location of CB1 receptors suggests another potential mechanism by which systemically administered CB1 antagonists or inverse agonists might influence ingestive behaviors. In further support of this hypothesis, levels of expression and distribution of CB1 receptors in these populations are regulated by satiety state (Burdyga et al. 2004) . In satiated rats, there is very little CB1 mRNA or protein expression within the nodose ganglion. Fasted rats, however, have substantially upregulated mRNA and protein expression in the nodose ganglion and increased distribution of the CB1 receptor to the caudal pole, which contains neurons projecting to the gut. The terminals of these vagal afferent neurons expressing CB1 receptors also express CCK1, orexin, leptin, ghrelin, and MCH receptors (Burdyga et al. 2006) . These receptors bind to neuropeptide hormones involved in the regulation of hunger and satiety.
It should be mentioned that the present results, as well as those of Gomez (Gomez et al. 2002) , do not agree with the findings obtained by Verty et al. (2004a, b) or Werner and Koch (2003) . These papers reported that CB1 inverse agonists SR141716 (Verty et al. 2004a, b) and AM281 (Werner and Koch 2003) significantly reduced food intake when administered ICV. In seeking to reconcile our results with these previous findings, it was noted that our study and that of Gomez et al. (2002) were performed in fooddeprived animals, while both of the studies finding significance upon ICV administration of CB1 inverse agonists were performed in nondeprived animals. This observation led to a control experiment in which we tested the effects of ICV AM251 in nondeprived animals, measuring their performance on operant responding for preferred sucrose pellets and subsequent 18-h chow intake. However, we were unable to find any significant effects of AM251 on either measure at doses from 40.0 to 160.0μg. Data from Werner and Koch (2003) demonstrated suppression of food intake following ICV administration of AM281 for up to 6 h. However, from 6 to 24 h, intake in these groups exceeded that of the controls, possibly due to rebound feeding (Werner and Koch 2003) . This evidence, plus corroborating pharmacokinetic data showing brain uptake of intravenously administered radiolabeled AM251 to be nearly maximal at 30 min post-injection and only one half of the maximal value 8 h following administration (Gatley et al. 1996) , leads to the possibility that our experimental parameters were not ideal for observing suppression of chow intake since chow was only measured at a single time point 18 h after drug administration. However, we would have still expected to see some decrease in operant responding since this was measured within the first hour of drug treatment. Furthermore, food intake suppression following a single systemic treatment with CB1 inverse agonist AM251 has been documented to begin within 15 min of injection and to last up to 6 days in nondeprived rats (Chambers et al. 2004) . Thus, any shortterm suppression of intake after central administration of CB1 inverse agonists or antagonists might only partially account for the hypophagic effects observed upon systemic administration. SR141716A and AM251 have similar binding affinity for CB1 receptors (i.e., in the low nanomolar range), although these two drugs differ in terms of their pharmacological profile at non-CB1/non-CB2 cannabinoid-binding receptors such as GPR55 (Lauckner et al. 2008; Ryberg et al. 2007) , and also may differ in terms of actions on novel uncharacterized non-CB1 receptors (Haller et al. 2002; Hajos et al. 2001; Haller et al. 2004 ).
An important future study that could further clarify this issue would be measurement of food intake or foodmotivated behaviors following systemic administration of a CB1 inverse agonist or antagonist with poor blood-brain barrier penetrability. If food-intake suppression could be observed following systemic injection with such a compound, this would lend strong evidence supporting the role of peripheral CB1 receptors in the modulation of feeding. It has been reported that LH-21 is such a compound and that systemic injection of this purported CB1 antagonist with poor blood-brain barrier penetrability did indeed decrease feeding (Pavon et al. 2006 (Pavon et al. , 2008 . However, continued pharmacological evaluation of this compound will be necessary for determining which of its effects are central and which are peripheral Pavón et al. 2008) , and additional compounds need to be evaluated. Recently, the novel CB1 antagonist AM6545 was developed to explore the behavioral actions of peripherally active CB1 antagonists. Although this drug has poor penetrability into the brain compared to AM251, it has been shown to suppress food-reinforced FR5 responding at doses of 8.0 and 16.0 mg/kg IP ).
In summary, interference with forebrain CB1 receptor transmission by administration of AM251 or AM4113 into the lateral ventricle failed to induce any changes in foodreinforced behavior. ICV administration of these drugs did appear to exert some central actions, as both drugs significantly reversed a behavior thought to be mediated via central CB1 receptors (i.e., reversal of CB1 agonistinduced locomotor suppression) in the same dose range that was ineffective in terms of actions on food-reinforced behavior. The implications of a possible peripheral mechanism for the hypophagic actions of CB1 antagonists and inverse agonists are intriguing with respect to the use of these drugs as treatments for obesity. A CB1 antagonist or inverse agonist compound with poor brain penetrability could be a clinically useful appetite suppressant and may also engage peripherally mediated metabolic effects that contribute to weight loss (Herling et al. 2008; Bensaid et al. 2003; Cota et al. 2003; Jbilo et al. 2005; Osei-Hyiaman et al. 2005; Ravinet Trillou et al. 2003) while avoiding centrally mediated psychiatric side effects which have limited the clinical usefulness of the CB1 inverse agonist rimonabant (Christensen et al. 2007; Curioni and Andre 2006) . Pharmaceutical companies are recognizing these limitations, and even now, a novel CB1 antagonist that specifically acts in the periphery (TM38837) is currently under investigation by 7TM Pharma as an obesity treatment ( 7TM Pharma 2008) .
